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FOREWORD 

Aluminum alloy 2219-T8 7 has been determined to be one of the op'imum materials 
available for fabrication of manned spacecraft tankage. In order to provide a 
comprehensive report of available data on fracture toughness, fatigue crack 
propagation and sustained load crack behavior, NASA requested the Aerospace 
Group of The Boeing Company to perform a literature search of 2219-T87 test 
data. This program was performed under NASA Contract NAS 9-10364, Task 24 
from August 9, 1971 to February 15, 1972 and the results are reported herein. 

The work was administered under the direction of R. G. Form-n at NASA/MSC. 

Boeing personnel who participated in this investigation include J. N. Masters, 
Program Leader, and W. D. Bixler, W. L. Engstrom, R. W. Finger and 
R. C. Shah, Research Engineers, and C. Bilbao, Engineering Aide. Don Good 
prepared the art work. 

Th' information contained in this report is also released as Boeing Document 
D1 80-1 4480-1 . 
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DETERMINATION OF DESIGN ALLOWABLE PROPERTIES - 
FRACTURE OF 2219-T87 ALUMINUM ALLOY 


By 

W. L. Engstrom 


ABSTRACT 

A literature survey was conducted to provide a comprehensive report of available 
valid data on tensile properties, fracture toughness, fatigue crack propagation 
and sustained load behavior of 2219-T87 aluminum alloy base metal and weldments 
as applicable to manned spacecraft tankage. Most of the data found were from 
tests conducted at room temperature, -320°F and -423°F. Data are presented in 
graphical and tabular form and areas in which data are lacking are established. 
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Flaw depth 
Half flaw length 

Constant from Forman's equation for fatigue crack growth rates; also, 
used to denote compliance in stress intensity solutions for single edge 
notched specimens and tapered double cantilever beam specimens. 

Diameter at the notch on a round notched bar fracture specimen 

Diameter of the bar for a round notched bar fracture specimen 

Young's Modulus 

Tensile ultimate strength 

Tensile yield strength 

Constant relating flaw opening displacement to flaw size and stress level 

Height of a compact tension specimen or the short height of a tapered 
double cantilever beam specimen. 

Height of the highest end cf a tapered double cantilever beam specimen. 

Plane-stress stress intensity factor 

Irwin stress intensity factor for a surface flaw. 

Irwin stress intensity for a surface flaw with deep flaw magnification, 

M.,, Included; also, plane-strain stress intensity factor for values 
l\ 

reported in Appendix A. 

Critical stress intensity or plane strain fracture toughness for surface 
flaws, with M^ included. 

Threshold stress intensity for surface flaw specimen*. 

Length of a specimen, length of test section. 

Deep flaw magnification factor for 2219-T87 aluminum alloy base metal. 
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Number of load cycles for fatigue test. 

Exponent from Forman's equation for fatigue crack growth rates. 
Not available. 

Applied load 

2 2 
Flaw shape parameter = <J» - 0.212 (0/ <j^) 

Stress ratio, (a . /o ) for a cyclic fatigue crack growth test, 
min max 

Specimen thickness 

Specimen thickness at the side groove on side grooved specimens. 
Specimen width 

Polar angle measured from the minor axis of a surface flaw 

Flaw opening displacement 

Poisson's ratio 

Applied stress 

Net section stress 

Yield stress 

Complete elliptical integral of the second kind having modulus k 
defined as k = (1 - o' 

Greater than 

Less than 
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i Initial condition 

f Final condition 

c Critical condition 

max. Maximum condition 

min. Minimum condition 
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SUMMARY 


The study described herein was undertaken to locate and report all available 
valid data on tensile properties, fracture toughness, fatigue crack propagation 
and sustained load crack behavior of 2219-T87 aluminum alloy base metal and 
weldments. The objective was to provide a comprehensive report which could 
be used in design of manned spacecraft tankage. 

Most of the data found and reported were tested in room temperature air, liquid 
nitrogen at -320°F and liquid hydrogen at -423°F. In addition, tensile data wen 
located for tests conducted in dry ice and acetone at -110°F and in gaseous helium 
at -423°F. Fatigue crack growth data were also found for tests conducted in salt 
water and helium at room temperature. Furthermore, sustained load data were also 
found fa* - temperatures of -230°F and -413°F and environments of gaseous hydrogen, 
gaseous and liquid oxygen, oxygen difluoride (OF 2 ), FLOX (80% fluorine, 20% 
oxygen ), 3i% salt water solution, distilled WGter, 172 decibel noise level, dye 
penetrant, argon, and trichloroethylene. The data are reported in graphical and 
tabular form. 

During the course of this study, shortages of data were discovered in several areas. 
There were shortages of valid fracture toughness, sustained load and cyclic data 
of weldments, fracture properties of base metal in the RT propagation direction, and 
fracture toughness data in the WT direction at -423°F. Properties were also found 
to be lacking at elevated temperatures and combined thermal and applied stress 
spectrum loadings. Furthermore, there were not enough data to firmly establish 
thickness effects for the properties investigated. 
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1.0 INTRODUCTION 

The objective of this investigation was to provide a comprehensive report of 
available data on fracture toughness, fatigue crack propagation and sustained 
load crack behavior of 2219-T87 aluminum alloy and weldments as applicable 
to manned spacecraft tankage. The majority of the useful fracture data obtained 
were from surface flawed specimens and they are covered in the main body of 
this report. Fracture data from other types of specimens were scarce and they 
are reported in Appendix A. A review of reports containing invalid o r 
otherwise unusable data is contained in Appendix B. A summary of the quantities 
of tensile and surface flaw data in the main body of this report is shown below. 
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QUANTITIES OF SURFACE FLAW FRACTURE TESTS 
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QUANTITIES OF SURFACE FLAW FATIGUE CRACK GROWTH TESTS 
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2.0 PROCEDURES 


2.1 SCREENING OF THE DATA 

In order to ensure that only valid data would be reported, screening procedures 
were established. In some cases the screening eliminated much of the available 
data; however, this ensured the quality of the data presented herein. If a report 
did not appear to be accurate (e.g., improper use of stress intensity equation) all 
data from that report were eliminated. Data coming from remaining reports were 
then further screened to ensure that validity requirements were met for individual 
data points, individual data points which did not meet validity requirements were 
eliminated, all data points which met validity criteria were included. Screening 
procedures are presented below for each type of test. 

2.1.1 Tensile Date 

Tensile data were inspected and an attempt was made to include only data which 
had been tested according to ASTM procedures (Ref. 1). Wherever tensile values 
did not appear reasonable, or specimen dimensions did not strictly match ASTM 
requirements, the text of the reference was carefully inspected to ensure that the 
data were indeed accurate. All accurate data were included in this report. 

2.1.2 Fracture Toughness Data from Surface Flawed Specimens, K|g 

Most of the valid fracture data found in the literature were obtained from surface 
flawed fracture specimens. Fig. 1 shows a sketch of a typical surface flaw specimen 
and Fig. 2 shows the crack propagation orientation code. This specimen configuration 
has been especially popular in investigations of tankage materials because it can best 
approximate the actual defects commonly found. The main criteria for validity are 
as follows: 

1. o/a <0.9 

N y 

2. w/2c ^ 4 

3. (t-a) >0.1 <K |E /o y ) 2 
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Criterion 1 . ensures that the failure is not dominated by net section yielding of 
the test specimen. Criterion 2. ensures that bending effects are at a minimum and 
it also aids in screening out net section effects and edge effects. Criterion 3. 
appears to be a limiting case for break before leak requirement. In the past, this 
criterion has been assumed to be (t-a) ^ /16 x (K^/ ° ) l however, recent 

analysis of data generated under NASA Contract NAS 3-14341 (Ref. 2) indicates 
that the coefficient, *^16 ( ^ 0.196), can be reduced to 0.1 for 2219-T87 
aluminum alloy. 


2.1 .3 Fatigue Crack Growth and Sustained Load Data Obtained from Surface 
Flawed Specimens 


Fatigue and sustained load data were not subjected to the strict criteria required of 
fracture toughness data. Most of the data obtained were tested at relatively high 
stresses. If the fracture toughness criteria were strictly enforced for sustained load 
and cyclic data, a great deal of data would have been eliminated. In general, 
most sustained load and fatigue data were used unless they obviously appeared to be 
in error. Test data were reported for w/2c ratios as low as 3. 


2.2 


SURFACE FLAWED SPECIMEN STRESS INTENSITY SOLUTION 


The base metal fracture, fatigue, and sustained load data were adjusted for deep 
flaw effects using the empirical deep flaw magnification factor reported in Ref. 3 
and shown in Fig. 3. The magnification factor was used to modify the Irwin stress 
intensity (Ref. 4) so that the resulting stress intensities were calculated as follows: 


K 


where K| 
a 
a 

Q 


M 


K 


= 1.1 a (WQ) 1/2 M„, 

' v ' K 

Irwin Stress intensity 
Stress Intensity 
Gross stress 
Flaw depth 

Flaw shape parameter (see Fig. 4) 

Deep flaw magnification factor from Ref. 3 (see Fig. 3). 


Ref. 3 has demonstrated that a deep flaw magnification may not be inherent in weld- 
ment fracture tests. Therefore, K. values for weldment tests were calculated without M 


K* 


6 


3.0 DISCUSSION 


3.1 TENSILE DATA 

3.1.1 Base Metal Tensile Data 

Most of the base metal data were generated in room temperature air, -320°F liquid 
nitrogen, or -423°F liquid hydrogen. Original thicknesses tested varied from 0.03 
to 4.0 inches. Useful data were obtained from Refs. 2, 3, 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16 and 17. A normal distribution was assumed for the statistical 
analysis; however, no tests for goodness of fit were performed to verify this 
hypothesis. Ref. 18 was used as a guideline in the statistical analysis. 


Ultimate strength, F^, and yield strength, F , values for longi.udinal and long 
transverse grain base metal are summarized as a function of temperature in Figs. 5 
and 6. Both mean and 99% probability, 95% confidence levels are shown. The 
"A" values from the Boeing Design Manual (Ref. 19) are also shown for reference. 
These "A" values correspond to the 99% probability, 95% confidence level. A 
summary of the base metal tensile values is tabulated in Tables 1 and 2, 


Individual ultimate and yield strength data points are plotted as a function of thickness 
in Figs. 29 through 36, and the raw data points are tabulated in Tables 9 through 16. 
Figs. 29 and 30 indicate that for room temperature tests, there may be an increase in 
F^ and F properties in very thin gages (0.03 to 0.06 inches). The available data 
are not extensive enough to fully determine thickness effects in thin gages, therefore, 
data for all thicknesses were combined in this analysis. 


Data available from the short transverse direction were limited to the points shown 
in Table 11. The scarce amount of data tested at -110°F in dry ice and acetone 
are shown in Table 12. Four tests at -423°F in a gaseous helium environment were 
included with the specimens tested in liquid hydrogen. 

3.1.2 Gas Tungsten Arc Weldment Tensile Data 

Most of the gas tungsten arc (GTA) weldment data was generated in room temperature 
air, -320°F liquid nitrogen, or -423°F liquid hydrogen. Original thicknesses tested 
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ranged from 0.10 to 1,00 Inches. Wherever filler wire was used, the filler material 
was 2319 aluminum alloy. The majority of the data were not heat treated after 
welding although some limited data were found for specimens aged after welding and 
also for some specimens which were solution treated and aged (STA) after welding. 
Useful data were obtained from Refs. 3, 6, 12, 15, 16, 17 and 20. The statistical 
analysis was the same as that described in Section 3,1.1. 

The GTA welded tests without a post weld heat treatment are summarized as a function 

of temperature in Fig. 7. Most of the available data consisted of ultimate strength 

values only. Because of a shortage of yield strength values, only "apparent" mean 

yield strengths can be reported, and no 99% probability, 95% confidence level 

values of yield strength could be calculated. The available data were sufficient to 

show mean and 99% probability, 95% confidence levels for ultimate strength. "A" 

values from Ref. 19 for ultimate and yield strength values are also shown in Fig. 7. 

A summary of F and F values for GTA welded material without post weld heat 
tu ty 

treatment is also shown tabulated in Table 3. 

Individual ultimate and yield strength data points for GTA weldments without post 
weld heat treatment are shown plotted as a function of thickness in Figs. 37 through 
42, and the raw data points are tabulated in Tables 17 through 19. Not enough 
data were available to fully determine thickness effects on material properties, 
therefore, all thicknesses were combined for this analysis. 

Those GTA weldment data points subjected to a post weld age and a post weld 
solution treat and age are shown plotted versus thickness in Figs. 43 and 44 
respectively. Individual values are listed in Tables 2u arid 21. There were not 
enough data points available to firmly establish mean or 99% probability, 95% 
confidence levels. 

3.1.3 Gas Metal Arc Weldment Tensile Data 

/ 

All of the gas metal arc (GMA) weldment data come from Ref. 17. Plate material 
data in original thicknesses of 0.5, 1.0 and 1.5 inches were available for tests 
conducted in room temperature air, -320°F liquid nitrogen and -423°F liquid 
hydrogen. The filler wire used was 2319 aluminum alloy. Only ultimate strength 
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values were reported. A summary of the ultimate strength values Is shown In Fig. 8 

and tabulated in Table 4. As In the previously reported data, "A" values from 

Ref. 19 are shown for comparison. The statistical analysis if described in Section 3.1.1. 

Individual ultimate strength data are plotted as a function of thickness in Figs. 45, 46 
and 47 and the raw data points are listed in Tables 22, 23 ar.d 24. Not enough data 
are available to firmly establish thickness effects; however, examination of Figs. 45, 

46 and 47 Indicates that as the temperature decreases, the 0.5 thick weldments 
exhibit a greater average strength increase than do the 1 ,0 and 1 .5 inch thick 
weldments. 

3.2 FRACTURE DATA 

3,2.1 Base Metal Surface Flawed Fracture Toughness Data 

Surface flawed fracture toughness data were avilable from tests in room temperature 
air, -320°F liquid nitrogen and -423°F liquid hydrogen. Usable data were obtained 
from Refs. 2, 3, 6, 13, 14, 15, 21, 22, 23 and 24. The thicknesses of valid data 
points ranged from 0.25 to 1 .25 inches, with the majority of the data lying in the 
range of 0.5 to 0.65 inch. Tests conducted on gages thinner than 0.25 inch were 
generally disqualified because the remaining ligament size, t-a was less than 

0.1 (K 1E /° y > 2 . 

Data obtained for RT and WT propagation directions are summarized as a function 
of temperature in Fig. 9 and Table 5. Because of the scarcity of data in the RT 
direction at -423°F and room temperature, and in the WT direction at -423°F, only 
"apparent" mean values are reported for these conditions. The data indicate that 
fracture toughness values for the WT propagation direction are lower than those for 
the RT propagation direction. 

Individual fracture toughness values are plotted as a function of thickness in Figs. 48 
through 53, and raw data points are listed in Tables 25 through 30. Mean or 
"apparent" mean values are shown and where possible, 99% probability, 95% 
confidence levels are also shown. The statistical analysis is described in Section 
3.1.1. 
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3.2.2 Weldment Surface Flawed Fracture Toughness Data 


Valid surface flawed fracture toughness values for weldments were almost nonexistent. 
Those values which fulfilled the validity requirements all came from Ref. 3 . No 
data were available for room temperature, two data points were available for -320°F 
and eight data points were available for -423°F. All ten of these data points were 
obtained from GTA weldments of 1.0 inch plate material. The data are summarized 
in Table 6 and individual data points are plotted as a function of thickness in 
Fig. 54 f and are listed in Tables 31 and 32. 


The low yield strength of weldment material requires testing of large panels in 

order to meet the validity requirements for net yield strength ( a., ^ 0.9 a ), 

2 Tn y 

and ligament size (t-a)^O.l (K^/ <J^) • The panels tested in Ref. 3 ranged in 
size up to 30 inches wide. The testing of such panels requires extremely high load 
capabilities of testing facilities. The major reason for tie shortage of "valid" 
weldment fracture toughness data stems from the apparent high toughness/low yield 
strength combination. 


3.3 SUSTAINED LOAD DATA 


All sustained load data found in the literature were for tests which were on the 
order of 100 hours or less in duration. Hyatt and Speidel have shown that proper 
determination of a threshold can be dependent on the length of the test (Ref. 25 ). 
Therefore, the threshold values reported herein have been qualified by noting the 
duration of the tests. 


Another factor which must be taken into consideration is growth-on-loading. This 
phenomenon is non-environmentally induced growth which occurs on initial loading 
of a specimen. In order to determine sustained load growth, it is necessary to 
subtract growth-on-loading from total growth incurred during a test. Growth-on- 
loading as a function of initial stress intensity is shown for base metal in Fig. 10 
and for weldments in Fig. 11 . These curves were taken from data generated in 
Refs. 2 and 22 respectively. As shown by these two figures, precise separation 
of growth-on-loading from total growth to determine environmental growth can be 
difficult. This further emphasizes the need to report test times along with 
threshold values. 10 


Average crack growth rates as a function of time, da/dt, could not be obtained 
because of the problem in separating environmentally induced growth from growth- 
on-loading. Likewise, good instrumented test results producing instantaneous 
growth rates were not available either. Therefore, no K versus aa/dt data are 
reported herein. 

3.3.1 Base Metal Surface Flawed Sustained Load Data 

Surface flawed sustained load data were found for base metal tests at room temperature, 
-230°F, -320°F, -413°F and -423°F in environments of air, 3 %% salt water solution, 
distilled water, dye penetrant, FLOX (80% Fj/ 20% C^), oxygen dlfluortde (OFj), 
Argon, Trichloroethylene, 172 decibel noise level, liquid nitrogen, gaseous and 
liquid oxygen, and gaseous and liquid hydrogen. Thicknesses varied from 0.125 to 
1.00 inch. Useful base metal sustained load data were obtained from Refs. 5, 6, 

14, 22 and 24 . In addition, some data were obtained from Refs. 23 and 26; 
however, these data were not complete enough for use in establishing thresholds. 

Threshold values are summarized in Table 7 . Where a value is reported 

qualified with a less than, <C , or greater than, , symbol, not enough data 
were available for a precise determination of the threshold; however, enough data 
were available to provide an approximation of the threshold. In order to report 
the threshold as a percentage of critical stress intensity, value, it was 

necessary to choose a value. Wherever possible, the endpoint critical stress 
intensity, K^, value for each particular threshold specimen was used. If the 
endpoint for a particular specimen was not available, then the average value 
for all the tests in the same reference was chosen. Finally, if neither of the 
above K ir . values was available, then K,_ was chosen from the overall mean of 
data points from the particular propagation direction and temperature in question. 

The source of the value is reported with each threshold value. Individual test 
datum points are listed in Tables 33 through 37. 

In most cases, only a few data points were available and the threshold was chosen 
by determining the highest K level at which all growth appeared to be growth-on- 
loading only. For some of the threshold determinations, many data were available 

and so the data could be plotted to determine threshold. An example of such a 
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plot is shown In Fig. 12 . 


In general, for most environments, a threshold level on the order of 85% can be 
assumed for approximately 24 hours. With the exception of tests from Ref. 5 / in 
liquid hydrogen at -423°F, all thresholds were at least 82% of the critical stress 
intensity value. The threshold level of the LHj data from Ref. 5 was found to 
be in the range of 35.6 to 38.4 ksi f in. Combining these figures with the overall 
apparent mean value of 47.0 ksi j in produces threshold/critical stress intensity 
ratios of 0.75 to 0.82. The low threshold ratios determined here could be accounted 
for by the selection of a critical stress intensity that was too high. If actual end- 
point values were available, the threshold ratio reported could be higher. 


3.3.2 Weldment Surface Flawed Sustained Load Data 

Surface flawed sustained load data were found for weldment tests at room temperature, 
-320°F, -413°F and -423°F in environments of air, 3^% salt water solution, 
distilled water, dye penetrant, FLOX (80% Fj, 20% Oj)/ oxygen difluoride {OF 2 )/ 
trichloroethylene, liquid nitrogen, gaseous and liquid oxygen, and gaseous and 
liquid hydrogen. Data were reported in thickness of 0.90, 0.95 and 1.00 inch. 
Useful weldment sustained load data were obtained from Refs. 22 and 23 . In 
addition, some data were obtained from Ref. 24 . However, most of the data from 
Ref. 24 were tested at very high stress levels $0 that threshold levels could not be 
determined from them. 

Threshold values are summarized in Table 8 . Because of the scarcity of weldment 

fracture toughness data, no attempt was made to s'eport thresholds in terms of a 
percentage of critical stress Intensity. The analysis of weldment data was similar 
to that employed for base metal data. 

The available data indicate thresholds on the order of 23-30 ksi J in for all environ- 
ments with the exception of 3^% salt water solution. The data show that the 
threshold for this environment lies somewhere below 23.8 ksi J in. 

Individual datum points are listed in Tables 38 through 41 . 
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3.4 


FATIGUE DATA 


3.4.1 Base Metal Fatigue Crack Growth Data 

Base metal fatigue crack growth data were generated in air, gaseous helium, 

3i% salt water solution, liquid nitrogen and liquid hydrogen. Test temperatures 
were room temperature, -320°F, -423°F, +300°F, +350°F and +400°F. Data were 
obtained from References 2, 3, 5, 6, 13, 14, 23 and 26. 

Thicknesses of test specimens ranged from 0.125 to 1.25 inches. Cyclic stresses 
ranged from 7 ksi to 65 ksi and stress ratios, R, ranged from 0.0 to 0.5 with the 
majority of the data tested at R = 0.0 to 0.1. Test frequencies ranged from 0.003 
to 120 cpm. Typical cyclic loading profiles are shown in Fig. 13 and individual 
data points are summarized in Tables 42 through 50 . 

Data were found to be lacking In the RT propagation direction at room temperature, 
-320°F and -423°F. One of the reasons for a shortage of data In the RT direction 
ts that delamination commonly occurs In specimens which are tested In this 
direction, especially at room temperature. While this makes testing difficult in 
the RT direction, it is beneficial In hardware because the delamination also causes 
a retardation in crack growth. 

Figures 14 to 16 show the relationship between stress intensity ratio, K|./K|£>to 
cycles to failure, N, for the environments of ambient air, liquid nitrogen and 
liquid hydrogen. Examination of these plots indicates that the polynomial function 
of log 1Q N, shown below, would best represent the data: 

K|/K| E - A + B Io8, 0 N + C(lo 9 )0 N) 2 + D(log ]0 N) 3 + Eflog^ N) 4 

Since the ro io of stress Intensities K|j/K|£ contain errors due to measurement of 
flaw sizes, computations of stress intensities from stress Intensity equations, etc., 
K||/K |g Is taken as a dependent variable and N as an independent variable. The 
polynomial function was limited to the fourth order of log^N to avoid oscillations 
between fitted points. 

Data for each of the plots of Figures 14 to 16 were successively least square fitted 
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with the second, third ond fourth degree polynomials of log^N. Out of these 
curves, the one which best describes the data was selected and the best fit least 
square cruve with the equation is shown in each figure. 

Crack growth rates da/dN and d(a/Q)/dN were computed from either average or 
instantaneous crack growth measurements. Measured average growth rates were 
determined by taking the difference between the final and initial flaw sizes and 
dividing this quantity by the number of cycles. The corresponding stress intensity 
value was taken as the average maximum stress intensity during the test. 


Instantaneous growth rate data were available from Refs. 2 and 5. Instantaneous 
growth rate data were determined by instrumenting specimens with ASTM type crack 
opening displacement, 6, clip gages. 


The clip gage was spring loaded against knife edges spot welded to the specimen. 

An expression for the opening displacements of a completely embedded flaw was 
provided by Green and Sneddon {Ref. 27). The flaw embedded in an elastic solid 
was subjected to a uniform load normal to the crack surface at infinity. The maximum 
opening displacement occurs at the diametrical center of the crack and is expressed 
by the equation: 


8 = 


4(1 - it 2 ) 
E 


a a 

$ 


Although a rigorous solution is not available for flaw opening displacements for a 
semi-elliptical surface flaw, such displacements should also be proportional to a 
and a/<S> for elastic materials. By following Irwin's procedure (Ref. 4) to account 
for the effect of plastic yielding, the flaw opening displacement, 8, for a 
surface flaw can be approximated by 


8 = G 

Jq 

where G is a constant. The value of G can be determined by knowledge of 
initial and final flaw sizes and the change in flaw opening displacement as indicated 
below: 
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G 


6f “ 8; 


(c^5) f - (q^S), 


Knowing the above constant, the instantaneous flaw size can be estimated and, 
therefore, the instantaneous flaw growth rates can be calculated. 

Crack growth rates da/dN and d(a/Q/dN were plotted as a function of stress 
intensity and summary curves of the results are shown in Figs. 17 through 25. 
Individual da/dN data points are plotted in Figures 55 through 98 and individual 
d(a/Q)/dN data points are plotted in Figures 106 through 149. Data are identified 
as instantaneous or measured average growth rates. 


Forman, Kearney and Engle (Ref. 28) have proposed a fatigue crack propagation 
model of the form: 


da/dN - 


C ( AK,) 


(1 - R)K cr - AK, 


where: da/dN 

AK, 

k ie 

R 

C,n 


fatigue crack growth rate 
cyclic stress intensity raige 
critical stress intensity 

stress ratio, minimum stress/maximum stress 
empirically determined constants 


Forman’s equation can be rewritten as log {[(' - R) K |E - AK,] da/dN} 
= log C + n log AK, = C, + nx 


which is an equation of a straight line. The constants C and n were deteimined 
by fitting crack growth rate data da/dN with AK, and K,^ with the le'St square 
method wherever possible. The resulting constant C and exponent n for each of the 
summary da/dN plots in Figures 17 to 23 are shown. 


3.4.2 Weldment Fatigue Crack Growth Data 


There was a severe shortage of weldment fatigue crack growth data. Some data 
were found in Refs. 3 and 23 for tests conducted in room temperature air, liquid 

nitrogen at -320°F and liquid hydrogen at -423°F. 
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Thicknesses ranged from 0.125 to 1.00 inch. Cyclic stresses ranged from 13 to 25 
ksi with stress ratios of 0.0 or 0.1. Test frequencies were 1 or 20 cpm. Typical 
cyclic loading profiles are shown in Fig. 13 and individual data points are 
summarized in Tables 51, 52 and 53. Figures 26, 27 and 28 show summary plots 
of crack growth rates da/dN and d(a/Q)/dN. 

Individual da/dN data points are plotted in Figures 99 through 105, and individual 
d(a/Q)/dN data points are plotted in Figures 150 through 156. 

In order to obtain cyclic flaw growth rates from the weldment data presented in 
Ref. 3, it was necessary to assume a manner in which the crack length varied during 
the cyclic test. For the 0.125 inch thick specimens = 0-05) it was 

assumed that the crack length remained constant throughout the tests. For the 1 .00 
inch thick specimen = 0.30) it was assumed that the flaw aspect ratio 

remained constant. Experience has shown these assumptions to be quite reasonable. 
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4.0 RECOMMENDATIONS 


During the course of this study, it was found that data are lacking in several areas. 
In general, there were very little data at elevated temperatures. Also, there were 
virtually no data on the interaction of changing thermal and loading conditions such 
as might be encountered by tankage during flight. Investigation of the effects of 
such spectrum loading on flaw growth is needed in order to more accurately predict 
life expectancies of tankage. It was also found that there are few data to fully 
determine thickness effects on all properties investigated. 

In addition to the general areas described above, more specific areas in which 
data are lacking are listed below: 

1 . Fracture Toughness Data 

a. Base Metal - Data are lacking in the RT propagation direction at 
room temperature and -423°F, and in the WT direction at -423 F. 

The lack of data in the RT direction is caused mainly by the fact 
that the material has a tendency to delaminate in this direction. 

b. Weldments - Extensive valid testing of weldments is recommended. 

Only ten valid test points were found, two at -320°F and eight at 
-423°F. This shortage of valid test points is caused by the apparent 
high toughness, low yield strength combination found in weldments. 

2. Sustained Load Data 

a. Base Metal - Data for room temperature air, liquid nitrogen at -320 F 
and liquid hydrogen at -423°F appear to be adequate for the WT 
propagation direction. While data in the RT direction are lacking, it 
is anticipated that the WT direction would be the worst case, because 
of delamination (and hence, crack growth retardation) which has been 
shown to occur in the RT direction. In addition, some data are 
available on environments other than room air, and Lb^. It is 

recomm‘»''ded that if applications are found for environments other 
than those for which thresholds are reported herein, then those 
environments should be tested to ensure a reasonable life expectancy 
of the hardware. 17 


b. Weldment’s - It Is recommended that further testing of weldments 
be undertaken to confirm the results reported herein for particular 
applications, especially In a 3^% salt water environment. 

One of the greatest problems In using weldment threshold data in 
design Is caused by the shortage of valid weldment fracture data. 
Without valid toughness values, threshold ratios, used in 

design, cannot be determined. 

3. Cyclic Flaw Growth Data 

a. Base Metal - Additional testing Is needed at room temperature, 
-320°F, and -423°F in the RT propagation direction. As stated 
above, the shortage of data In the RT direction is mainly caused 
by the fact that 2219-T87 alloy has a tendency to delaminate in 
this direction. Cyclic flaw growth data are also lacking at R 
ratios other than 0.0 to 0.1 . 

b. Weldments - There is a general shortage of weldment cyclic growth 
data at all temperatures of interest. It is recommended that this area 
be investigated extensively. 
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appendix a 


OTHER DATA 


A, .0 


INTRODUCTION 


All available surface flaw data are contained in the main bod/ of this report, 
i he limited amount of data from other types of fracture specimens are reported 
in this Appendix. These data all consist of tests on base metal material. A 
summary of the number of data points found for each type of test is shown below 


QUANTITIES OF OTHER 


BASE METAL TESTS 


S^NVIRONMENI 
TEST TYP E \ 

3.5% NaCI AIR 

@ RT LN 2 @ -320°F 

LH 2 @-423°F 

SENT K, 
Ic 


III A 



C.T. K |e 



l 2 

2 

SENB K, 
Ic 


III! : 

2 

2 

TAPERED DCB 
FATIGUE 

6 !!!! 

•:*:«2-:*:-2*:T:-:*:t: : : : 22:2:::: 


T-T-T CENTER 
NOTCH K 

c 

:::::::: 

ill 1 

5 A 

13 

T-T-T CENTER 
NOTCH FATIGUE 


HI 8 

10 

8 
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A2.0 


PROCEDURES 


A2.1 SCREENING OF THE DATA 


In order to ensure that only valid data would be reported, the screening procedures 
outlined below were established. In addition, data were not included from reports 
which did not appear to be accurate. The various types of fracture specimens 
from which data points were obtained and the crack propagation code are shown 
in Figures A-l and A-2 . 

A2.1 .1 Plane Strain Fracture Toughness, K| c , Data from Through-the- 

Thickness and Round Notched Bar Specimens 


Through -the -thick ness data found in the literature included data from the following 
types of specimens: compact tension (CT), single edge notched bend (SENB), 

single edge notched tension (SENT), and tapered double cantilever beam (TDCB). 
The following ASTM criteria (Ref. 29 ) were used to screen this data: 


1 . 
2 . 
3. 


>>2.5 (K |c / 0y f 

2 

a^2.5 (K , / a ) ( not required for TDCB specimens) 

Ic y 

Permanent crack opening displacement (COD) at 80% of P cr j t j ca | 
^ 25% of COD at ^ cr j^.; ccl | on 1°°^ versus COD Trace (CT and 
SENB specimens) 


The load traces were generally no' available, therefore, it was not always possible 
to determine if criterion 3 was satisfied. A limited amount of valid data was 
found for CT, SENB, and SENT specimens. 


The following criteria were used to validate round notched bar data: 


1 . 

°tY a y ^ 1,0 

2. 

d NOTCH // °BAR = 0,4 to °* 6 

3. 

Notch angle = 30° to 60° 

No valid round 

notched bar data were obtained. 
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A2.1.2 


Plane Stress Fracture Toughness, K , Data from Through-the- 

c 

Thickness Center Notched Panels 


Plane stress fracture toughness data were collected only from those specimens for 
which 0^ ^0.8. 

A2.1.3 Plane Strain Fatigue Crack Growth and Sustained Load Data 

from Through-the-Thickness Specimens 

The thickness and crack length requirements employed for fracture tests were also 
used for fatigue crack growth and sustained tests. The only valid fatigue data 
obtained from specimens other than surface flawed specimens were obtained from 
TDCB specimens. No valid sustained load data were obtained from specimens 
other than surface flawed specimens. 


A2.1.4 Plane Stress Fatigue Crack Growth and Sustained Load 

Data from Through-the-Thickness Center Notched Panels 


Only a limited amount of fatigue data were available and they fell within the 
Oy ^0.8 guideline. No sustained load data were found. 

A2.2 STRESS INTENSiT v SOLUTIONS 

A2.2.1 Compact Tension Specimens 


The stress intensities 
relation: 

K i 

where v 

K | 

P 

t 


w 

F| (a/w) 


for compact tension specimens were calculated using the 

= P/tw 1//2 Fj (a/w) 

= Plane Strain Stress intensity 
= Load 

= Thickness of Specimen 
= W*dth of specimen 

= Geometry factor from Ref. 15 (see Fig. A -3). 
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A2.2.2 


Three Point Loaded Single Edge Notch Bend Specimens 


Stress intensities for 3 point loaded single edge notched bend specimens were 
calculated using the relation 

Kj = PL/tw 3 / 2 F 2 (a/w) 

where 

Kj = Plane Strain Stress Intensity 
P = Load 

L = Span between load points at &ach end of the specimen 
t = Thickness of specimen 
w = Width of specimen 

F 2 (a/w) = Geometry factor from Ref. 15 (see Fig.A-3) 

A2.2.3 Single Edge Notched Tension Specimens 

Stress intensities for SENT specimens were calculated using an experimental 
compliance calibration described in Ref. 30 . The compliance calibration is 
performed by loading a specimen with varying crack lengths and measuring 
compliance. The rate of change of compliance with respect to crack length 
then incorporated into a relation proposed by Irwin (Ref. 31 ). The resulting 
equation is of the form: ^ 

K| = P//T (e/0 -PL 2 ) • dC/daj 

where 

K| = Plane strain stress intensity 
P = Load 

E = Young's modulus 
fi = Poisson's ratio 
C = compliance 
a = crack length 

A2.2.4 Tapered Double Cantilever Beam Specimens 

Stress intensities for tapered double cantilever beam (TDCB) specimens were 

calculated using the following equation from Ref. 5 : 
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where 



E/0- /) • dC/d 


°) 


1/2 


Kj = Plane strain stress Intensity 
P - Load 

t = Thickness at the groove (specimens were side grooved) 
9 

E = Young's modulus 
H = Poisson's ratio 
C = Compliance 
a = Crack length 


This equation is derived from Irwin's analysis (Ref. 31 ). For the specimens 
reported herein, the design of the taper was such that the quantity dC/da 
was a constant. Thus the stress intensity becomes a function of variation in 
load only. 

A2.2.5 Plane Stress Through-the-Thickness Center Notched Specimens 


Stress Intensity factors for through-the-thickness center notched specimens were 
calculated using the "secant formula" proposed by Fedderson in Ref. 32 . It 
Is as follows: 


where 


K = 



K = Plane stress stress intensity 
<J = gross stress 
c = half crack length 
w - panel width 
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A3.0 


DISCUSSION 


A3.1 FRACTURE DATA 

A3. 1.1 Through-the-Thickness Plane Strain Fracture Toughness, K^, Data 

The available valid through-the-thickness plane strain fracture toughness data were 
limited in quantity. Some data were found in Ref. 15 for compact tension (CT) 
and three point loaded bend (SENB) specimens. They are reported in Tables Al 
and A2. These specimens were tested in room temperature air, liquid nitrogen at 
-320°F and liquid hydrogen at -423°F. The propagation direction was WT. The 
fracture toughness values of the CT specimens were somewhat below those reported 
for the SENB specimens. Except in the case of SENB specimens tested at -423°F, 
the CT and SENB specimens exhibited lower toughness than the surface flawed (SF) 
specimens covered in the main body of the report. These phenomena were 
demonstrated earlier by Hall and Finger in Ref. 15. 

Single edge notch tension specimens tested at room temperature were found in Ref. 9 
for the RW and WR propagation direction. They are reported in Table A-3. No 
other plane strain data from other specimens with these propgation directions are 
available for comparison. However, the values reported appear to be somewhat 
lower than data from SENB tests in the WT direction and surface flaw tests in the 
WT and RT directions. 

A3. 1.2 Through-the-Thickness Plane Stress Fracture Toughness, K , Data 

c 

Plane stress fracture data from through-the-thickness center notched panels were found 
in Refs. 8, 10, 33 and 34. Test temperatures were room temperature, -320°F and 
-423°F, and propagation directions were WR and RW. The data are reported in 
Tables A-4, A-5 and A-6. In addition, endpoint critical stress intensities of cyclic 

tests can be found in Tables A -7, A-8 and A-9. The fracture toughness data are 
summarized as a function of thickness in Figs. A-4, A-5 and A-6. Because of 
disparities in the methods of crack initiation, and the wide scattering of the data, 
no attempt is made at analysis. The data are presented herein only to show what 
is available in the literature. 
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A3. 2 


SUSTAINED LOAD AND FATIGUE DATA 


A3. 2.1 Through-the-Thickness Plane Strain Sustained Load and Fatigue 
Crack Growth Data 

No plane strain sustained load data were found; however, some cyclic growth data 
for tapered double cantilever bend specimens were found in Ref. 5 . These 
specimens were cycled in room temperature 3£% salt water solution. Propagation 
direction was WR. The data are reported in Table A-lOand cyclic crack growth 
rates are shown in Fig. A -7. No other data are available for comparison. 

A3. 2. 2 Through-the-Thickness Plane Stress Sustained Load and 
Fatigue Crack Growth Data 

No plane stress sustained load data were found; however, some cyclic growth 
data for through-the-thickness center notched panels were found in Ref. 8 . 

These specimens were cycled in room temperature air, liquid nitrogen at -320°F 
and liquid hydrogen at -423°F. Test results are tabulated in Tables A -7, A -8 and 
A -9 . The data were not available in a form readily usable, because instantaneous 
growth rates were not available. However, average stress intensities and average 
growth rates were calculated and these values are shown graphically in Fig.A-8. 
The data were not suitable for a detailed analysts. 
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APPENDIX B - REPORTS CONTAINING INVALID 
OR OTHERWISE UNUSABLE DATA 

During the course cf this study, many reports were found containing data which 
could not be usea in this analysis for various reasons. In order to provide a 
single listing for easy reference in future studies, the reports containing this data 
are described below. 

Additional base metal tensile data were found in Refs. 35 through 50. Data from 
these references were not included because the data were typical or average values, 
or they were meant for special applications. Of these references, 41, 49 and 50 were 
of particular interest. Ref. 41 was a survey of tensile values tor material ranging 
in thickness from 0.040 inch to 5.00 inches; including tensile values from various 
locations in thick plate. Ref. 49 provided typical values for several different 
alloys. Ref. 50 reported the effect of magnetic forming on tensile values. 

Additional weld metal tensile data were found in Refs. 39, 51 and 52. Data from 
Refs. 39 and 51 were typical values, while Ref. 52 provided a study of weldment 
properties at different weldment locations (weld centerline, fusion line, heat 
affectec' zone). 

Additional fracture data were found in Refs. 2, 11, 16, 17, 26, 34, 36, 38, 46, 

52, 53 and 54. Ref. 36 contained only typical values of fracture toughness. 

Invalid K. values for notched bend, single edge notched tension, and round 

I C 

notched bars were found in Refs. 11, 46, and 34 respectively. Ref. 17 contained 
data from charpy and r'-An tear spe cirri', ns. Invalid weldment fracture tests 
conducted on single edge notched bend, single edge notched tension, and double 
cantilever beam specimens were found in Ref. 52. Ref. 26 contained a plot of 
fatigue crack growth rate data for compact tension specimens; however, these were 
unpublished data from the Space Division of North American Rockwell, and the 
tabular values were not available to this author. Through-the-thickness center 
notched tests for which a a > 0.8 w<, v found in Ref. 54. 
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Invalid surface flawed data were found in Ref. 53 . In addition. Refs. 2 and 53 
both contained tests investigating the effect of proof overloading on subsequent 
testing. Testing in Ref. 16 was just commencing at the time of publication of 
this report; therefore, only tensile data were available from this reference. 

Testing to be conducted in Ref. 16 will include cyclic tests with and without 
prior proof overloading. Ref. 38 contains useful data for surface flaws emanating 
from holes. 

Most of the references cited in the main body of this report contained some 
invalid fracture data in addition to the vaiid data that was reported. 
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APPENDIX C 


CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 

Due to the complexity of the data presented In this report, only U.S. customary 
units are used. Conversion factors for converting U.S. customary to SI units are 
given in the following table: 


To Convert From 

Multiply 

To Obtain 

(U.S. Customary Unit) 

by 

(SI Units) 

in. 

2.54 x 10" 2 

meter (m) 

Ibf 

4.448 

newton (n) 

kip 

4.448 

kilonewton (kN) 

ksi 

6.895 

2 2 
meganewton/meter (MN/m ) 

ksi ~f\r\ 

i .099 

MN/m 3 ^ 2 
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Figure 3: Deep Flaw Magnification Curves (Reference 3) 
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Figure 6: Ultimete and Yield Strength Vs. Temperature, 2219-T87 Aluminum Alloy, 
Long Transverse Direction 
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Figure 10: Growth-On-Loading in 2219-T87 Aluminum Base Metal in 
Liquid Nitrogen at -320° F (surface flawed specimens) 
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Figure 1 1: Growth-On- Loading In 2219-T87 Aluminum GTA Weldment In Air At Room Temperature, No Post 

Weld Heat Treatment (Surface Flawed Specimens) 
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Figure 14: Initial Stress Intensity Vs Cycles to Failure, 2219-T87 Aluminum Alloy Tested at Room Temperature in Air 













Fi&m 15: Initial Stress Intensity Vs. Cycles to Failure, 2219-T87 Aluminum Alloy Tested at -32(fiF in Liquid Nitr ogen 
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Figun 16: Initial Stress Intensity Vs Cycles to Failure, 2219-187 Aluminum Alloy Tested at -423° Fin Liquid Hydrogen 
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Figure 17 . Cyclic Flew Growth 
R<0.1 
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for the WT Propagation Direction ,R <0.1 
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CRACK GROWTH RATE, d(a/Q)/dN (MICRO-INCHES PER CYCLE) 
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CRACK GROWTH RATE, d(a/Q)/dN (MICRO-INCHES PER CYCLE) 
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Figure 23 : Cyclic Flaw Growth Rates For 2219-T87 Aluminum Base Metal At -423° F For The WT Propagation Direction, R <0.1 
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Figure 25 . Cyclic Flaw Growth Rates For 2219-T87 Aluminum Base Metal at Room Temperature , -32(JPF And 423° F For The WT 
Propagation Direction , R = 0.5 
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Figure 27: Cyclic Flow Growth Rates For 2219 Aluminum Weldments at ~32& } F ,R < 0.1 
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Figure 28: Cyclic Flaw Growth Rates for 2219 Aluminum Weldments at -423° F ,R < 0.1 



(IS*) H19N3U1S 


62 


Figure 29: Room Temperature (7(PF- 75°F) Yield Strength and Ultimate Strength Vs. Thickness for2219-T87 
Aluminum Alloy, Longitudinal Grain 
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Figure 34: Liquid Hydrogen Temperature (-423° F) Ultimate Strength Vs. Thickness for 22 19- T87 Aluminum Alloy 
Longitudinal Grain 
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Figure 35: Liquid Hydrogen Temperature (-423° F) Yield Strength Vs. Thickness for 2219-T87 Aluminum Alloy 
Long Transverse Grain 
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Long Transverse Grain 
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Weldments, No Post Weld Heat Treatment 
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Figure 38: Room Temperature (7(pF - 75° F) Ultimate Strength Vs. Thickness for 2219-T87 Aluminum Alloy 
GTA Weldments, No Post Weld Heat Treatment 
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Figure 40: Liquid Nitrogen Temperature ( -32(PF ) Ultimate Strength Vs. Thickness for 2219-T87 Aluminum 
Alloy GTA Weldments, No Post Weld Heat Treatment 
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GTA Weldments, No Post Weld Heat Treatment 
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Figure 42: Liquid Hydrogen Temperature (-423° F) Ultimate Strength Vs. Thickness for 22 19-T87 Aluminum Alloy 
GTA Weldments, No Post Weld Heat Treatment 
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Apparent Mean F tu = 46.9 K 

{Not Enough Data Points To 
Firmly Establish Mean F.,,1 
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Figure 48: Room Temperature ( 7(fF - 75°/V Critical Stress Intensity Vs. Tested Thickness, 2219-T87 
Aluminum Alloy, RT Propagation Direction 
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Figure 49: Room Temperature (7CPF- 7S°F) Critical Stress Intensity Vs. Tested Thickness, 2219-T87 Aluminum 
Alloy, WT Propagation Direction 




Aluminum Alloy, RT Propagation Direction 




1 8 a $ s 8 a 


(Nl/Ns*) 3, X 'A1ISN31NI SS3U1S 1VDI1IU0 


84 


Liquid Nitrogen Temperature (-32<PF) Critical Stress Intensity Vs. Tested Thickness, 2219-T87 
Aluminum Alloy, WT Propagetion Direction 
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Figure 52: Liquid Hydrogen Temperature f-42J°r) Critical Stress Intensity Vs. Tested Thickness, 2219-TB7 
Aluminum Alloy, RT Propagation Direction 
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Aluminum Alloy, WT Propagation Direction 
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Figun54: Liquid Nitrogen Temperature (~32CPF)and Liquid Hydrogen Temperature (-423° F) Irwin Critical Stress 
Intensity Vs. Tested Thickness 221 9-T87 Aluminum Alloy GTA Weldments, No Post Weld Heat Tivatment 
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AVERAGE GROWTH RATES 
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CRACK GROWTH RATE, da/dN (MICRO INCHES PER CYCLE) 

Cyclic Flaw Growth Rates for 0. 125-Inch- Thick 2219- T87 Aluminum Base Meta I at 
Propagation Direction (Reference 26) 
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1.0 10.0 100 1.001 

CRACK GROWTH RATE, da/dN (MICRO INCHES PER CYCLE) 

Figure 61: Cyclic Flaw Growth Rates for 0.250-Inch- Thick 2219- T87 Aluminum Base Meta! at 72° F for the WT 
Propagation Direction (Reference 26) 
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Environment: 3-1/2% NaCI INSTANTANEOUS GROWTH RATES 
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10.0 100 1.000 10.000 
CRACK GROWTH RATE, da/dN (MICRO INCHES PER CYCLE) 

Figure 66: Cyclic Flaw Growth Rates for 0.40 and 0.80— Inch- Thick 2219— T87 Aluminum Base Metal at 72P F for the WT 
Propagation Direction (Reference 5) 
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Propagation Direction (Reference 2) 



INSTANTANEOUS GROWTH RATES 
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Figure 70: Cyclic Flaw Growth Rates for 0. 150-Inch- Thick 2219- T87 Aluminum Base Metal at ~32(PF for the WT 
Propagation Direction (Reference 2) 
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CRACK GROWTH RATE, da/dN (MICRO INCHES PER CYCLE) 

Figure 75: Cyclic Flaw Growth Rates for 0.40 and 0.80-Inch- Thick 2219- T87 Aluminum Base Meta I at -32(PF for 
the WT Propagation Direction (Reference 5) 
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CRACK GROWTH RATE, da/dN (MICRO INCHES PER CYCLE) 

Figure 78: Cyclic Flaw Growth Rates for 1.00-Inch- Thick 2219- T87 Aluminum Base Meta! at -320° F for the WT 
Propagation Direction (Reference 6) 
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CRACK GROWTH RATE. da/dN (MiCRO INCHES PER CYCLE) 

fjgun SO; Cyclic Flaw Growth Rates for 0.500-tnch~ Thick 2219- T67 Aluminum Base Meta t at -320° F for the WT 
Propagation Direction ( Reference 2) 
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Figure 82: Cyclic Flaw Growth Rates For 0.500— Inch-Thick 2219-T87 Aluminum Base Metal At -320PF for the WT 
Propagation Direction (Reference 2) 
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io!o Too i,ooo 10,000 

CRACK GROWTH RATE, da/dN (MICRO INCHES PER CYCLE) 

Figure 88: Cyclic Flaw Growth Rates for 0.400-!nch~ Thick 2219-T87 Aluminum Base Metal at -423° F for the WT 
Propagation Direction ( Reference 5) 
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CRACK GROWTH RATE, da/dN (MICRO INCHES PER CYCLE) 

Figure 90: Cyclic Flaw Growth Rates for 0.40 and 0.80- Inch- Thick 2219- T87 Aluminum Base Metal at —423° F for the WT 
Propagation Direction (Reference S) 
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10.0 100.0 1,000 10,000 
CRACK GROWTH RATE. da/dN (MICRO INCHES PER CYCLE) 

Figure 93: Cyclic Flow Growth Rates for ft 125-Inch- Thick 2219- T87 Aluminum Base Metal at 30(PF for the WT 
Propagation Direction ( Reference 26 1 
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100 1.000 10.000 100.000 
CRACK GROWTH RATE da/dN (MICRO INCHES PER CYCLE) 

Figure 103: Cyclic Flaw Growth Ratos for 1.00-lnch~Thick 2219 Aluminum Weldments at -22(PF (Reference 23) 
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CRACK GROWTH RATE da/dN (MICRO INCHES PER CYCLE) 
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3 10.0 100 1,000 10,000 

CRACK GROWTH RATE, d(a/Q)/dN (MICRO INCHES PER CYCLE) 

Figure 108: Cyclic Flaw Growth Rates for 0. 60 and US-Inch- Thick 22 19- T87 Aluminum Bax Meta! at 72° F for the WT 
Propagation Direction (Reference 13) 
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1.0 10.0 100.0 

CRACK GROWTH RATE. d(a/Q)/dN {MICRO INCHES PER CYCLE) 

Figure 1 14: Cyclic Flaw Growth Rates for 0.250— Inch- Thick 2219- TO 7 Aluminum Base Meta! at 7&F for the RT 
Propagation (Reference 20 
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CRACK GROWTH RATE, d(a/0)/dN (MICRO INCHES PER CYCLE) 

Figure 1 19: Cyclic Flaw Growth Rates for 0. 150- Inch-Thick 2219-T87 Aluminum Base Metal at -32CPF for the WT 
Propagation Direction (Reference 2) 
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Figure 121: Cyclic Flaw Growth Rates for 0. 150-Inch-Thick 2219-T87 Aluminum Base Meta! at -32fPF for the WT 
Propagation Direction (Reference 2} 
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INSTANTANEOUS GROWTH RATES 



ion Direction (Reference 2) 



Environment: LN 
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CRACK GROWTH RATE. d(a/Q)/dN (MICRO INCHES KtH utllci 
fijwnrm- Cyctrc Flaw Growth Hates hr 0.500-lnch- Thick 2219-T87 Aluminum Base Metal at -32tPF for the WT 
Prooeaetion Direction (Reference 2) 
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1.0 10.0 100.0 

CRACK GROWTH RATE. d(a/Q)/dN (MICRO INCHES PER CYCLE) 

Figure 135: Cyclic Flaw Growth Rates For 0.250-Inch-Thick 2219- T87 Aluminum Base Metal at -32(PF for the RT 
Propagation Direction (Reference 26) 
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CRACK GROWTH RATE. d{a/Q)/dN (MICRO INCHES PER CYCLE 

Figure 137: Cyclic Flaw Growth Rates for 0.500-Inch-Thick 2213-T87 Aluminum Base Metal at -32(PF for the RT 
Propagation Direction (Reference 23) 
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Figure 139: Cyclic Flaw Growth Rates for 0.400-Inch-Thick 2219-T87 Aluminum Base Meta! at -423P F for the WT 
Propagation Direction (Reference 5) 
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for the WT Propagation Direction (Reference 5) 
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10.0 100.0 1,000 10.000 
CRACK GROWTH RATE, d(a/Q)/dN (MICRO INCHES PER CYCLE) 

Figure 144: Cyclic Flaw Growth Rates for 0. 125- Inch- Thick 2219- T87 Aluminum Base Metal at 300° F for the WT 
Propagation Direction (Reference 26) 
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Propagation Direction, R = 0.5 (Reference 13) 
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100 1,000 10.000 100.000 

CRACK GROWTH RATE, d(a/Q)/dN (MICROINCHES PER CYCLE) 

Figure 154: Cyclic Flaw Growth Rates for 1.00-Inch-Thick 221 9 Aluminum Weldments at -32(f F (Reference 23) 
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CRACK GROWTH RATE, d <a/Q>/dN (MICRO INCHES PER CYCLE) 
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Figure A-3 : Stress Intensity Expressions For CT and SENB Specimens 



PLANE STRESS CRITICAL STRESS INTENSITY, K„ = a 



THICKNESS, t (INCH) 


Figure A-4 : Plane Stress Critical Stress Intensity Vs. Thickness, 2219-T87 Aluminum Alloy 
Tested in Room Temperature Air 
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LEGEND: 



THICKNESS, t (INCH) 


Figure A-5: Plane Stress Critical Stress Intensity Vs. Thickness, 22 19-787 Aluminum Alloy 
Tested in -320° F Liquid Nitrogen 


136 




PLANE STRESS CRITICAL STRESS INTENSITY. K c = a y/lTc VSEC (KSIv'lN) 


LEGEND: 



THICKNESS, t (INCH) 


Figure AS : Plane Stress Critical Stress Intensity Vs. Thickness, 2219-T87 Aluminum Alloy 
Tested in -423° F Liquid Hydrogen 
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Fi&ire A- 7 : Average Stress Intensity, K /, Vs. Crack Growth Rate,^ , 1.0 Inch Thick 22 19~ 787 Aluminum Alloy Tapered DCB 
Specimens Tested at Room Temperature in 3-1/2% NaC! Solution. WR Propagation Direction (Reference 5 ) 
















Table 1 : Ultimate and Yield Strength Summary 221 9-T87 Aluminum Alloy Longitudinal Grain 


PROPERTY 

TEMPERATURE j 

-423°F 

-320° F 

RT 

Mean F tu ( Ksi ) 

99.3 

83.8 

68.7 

99% P, 95% C F tu (Ksi) 

90.5 

77.9 

64.3 

Mean F ty ( Ksi ) 

72.2 

65.9 

56.7 

99% P, 95% C F t (Ksi) 

65.8 

59.4 

51.4 


Table 2 : Ultimate and Yield Strength Summary 22 19- T87 Aluminum Alloy L ong Transverse Grain 


PROPERTY 

TEMPERATURE j 

-423°F 

-320° F 

RT 

Mean F tu ( Ksi ) 

100.4 

84.8 

69.0 

99% P. 95%CF tu (Ksi) 

94.1 

78.7 

64.6 

Mean F ty ( Ksi ) 

71.8 

65.9 

56.2 

99% P, 95% C F ty (Ksi) 

64.7 

59.8 

50.7 
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Table 3 : Ultimate and Yield Strength Summary, G TA Welded 22 19- T87 Aluminum Alloy 

No Post Weld Heat Treatment 


PROPERTY 

TEMPERATURE | 

-423°F 

-320°F 

RT 

Mean F tu ( Ksi ) 

62.9 

54.4 

41.8 

99% P, 95% C F tu { Ksi) 

50.6 

45.6 

34.1 

Mean F ty (Ksi) 

30.2 (T> 

28.6 [T> 

24.6 [£> 

99% P, 95% C F ty (Ksi) 

K> 

d> 

E> 


E> "Apparent" Mean Values Reported, Not Enough Data Points To 


Firmly Establish Mean F ty 

[?> Not Enough Data Points Were Found for an Accurate Determination 


Table 4 : Ultimate Strength Summary, GMA Welded 2219-T87 Aluminum Alloy, 

No Post Weld Heat Treatment 


PROPERTY 

TEMPERATURE | 

-423°F 

-320°F 

RT 

Mean F tu ( Ksi ) 

62.7 

56.0 


42.9 

99"' 95% C F t(J (Ksi) 

45.8 

42.3 


34.7 


HI 











Table 5 : Mean Values of Fracture Toughness, K /£, 2219-T87 Aluminum Alloy 

(From Surface Flawed Specimen Tests I 


PROPAGATION DIRECTION 

TEMPERATURE j 

-423°F 

-320°F 

RT 

RT 

52.3 KsiVTrT 

G> 

48.6 KsiN/Tn" 

46.2 KsiVirT 

E> 

WT 

47.0 Ksi\/TrT 

l> 

47.0 KsiVirT 

41.3 Ksi\/In 


[p> "Apparent" Mean Values Reported, Not Enough Data Points To 
Firmly Establish Mean K ( g 


Table 6 : Mean Values of Fracture Toughness, GTA Welded 2219-T87 Aluminum Alloy 

(From Surface Flawed Specimen Tests ) 


[ TEMPERATURE j 

-423°F 

-320°F 

RT 

e> 

23.9 Ksi \/TrT 

0> 

28.1 KsiVirT 

NA 


"Apparent" Mean Values Reported, Not Enough 
Data Points To Firmly Establish Mean *IE 
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Table 7 : Threshold Values for 22I9-T87 Aluminum Alloy Base Meta! 


COMMENTS 

Not Enough Data For Analysis 
24 Hour Test 
20 Hour Teat 
24 — 38 Hour Tests 
20.4 Hour Test 

24 Hour Test 
16 Hour Test 
10 Hour Test 

2 

H- 

3 

i 

o 

2 

K 

3 

z 

(0 

15 Hoi# Test | 

10 Hour Test | 

11 Hour Test | 

Only 1 Data Point From A 1 
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V 

>0.87 
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9 

f*. 

8 
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% 

o 

1 

II 

UJ 

* 

u. 

O 

UJ 
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oc 

D 

8 

Avg. of 3 Points From Ref. 
Avg. of 28 Points From Ref, 
Avg of 27 Points From Ref. 
Avg. of 9 Points From Ref. 

Avg. of 3 Points From Ref 
Endpoint 
Overall Mean 

Endpoint 

OC 

E 

o 

u- 

IL 

X 

c 

0 

0. 

s 

o 

1 

Endpoint 

Endpoint 

Endpoint 

Avg. of 28 Points From Ref, 

Endpoint 

Endpoint 

1 

I 

4 

v 

42.6 
43.9 

37.7 

44.4 


5 

43.9 

44.7 

44.1 

43.0 

43.9 

44.6 

n 
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1 

11 

si 

* w 
* 

(0 
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Table 7 : Threshold Values for 2219-787 Aluminum Alloy Base Meta! (Continued) 
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Table 8 : Threshold Values for GTA Welded 2219-T87 Aluminum Alloy 



p a® 8 8 8 88888 888 88888 8 

^2 o o o' d o' o' d o' o' d • d d d © d d o d 



IRWIN K. NO M* USEO IN CALCULATION 








































































































T able 9: Room Temperature ( 7(PF~7S°F ) Tensile Properties of 2219- T87 Aluminum Alloy 

Base Metal, Longitudinal Grain Direction. 
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Table 9: Room Temperature ( 70°F-75°F ) Tensile properties of 2219-T87 Aluminum 

Alloy Base Metal, Longitudinal Grain Direction (Continued) 


1 IN III 1 1 III 

00 

CO 

00 

CO 

00 

CO 

00 

00 

00 

00 

oo 

00 

00 

oo 

co 


(0 

co 

o 

o 

0 

RESULTS 

l l( 01 * ISO) 
) 

0) 

O) 

cn 

of 

cO 

O) 

o* 

of 

3 

a» 

2 

2 

2 

(A 

CO 

of 



d 

2 

r- 

of 

«< 

0> 

1 

3 

1 

9 

1 

fl 

fl 


1 

1 

8 

d 

1 

8 

d 

1 

CO 

CO 

3 

1 

0) 

n 

d 

1 

1 

1 

(O 

3 

1 

\ 

s 

d 

• 

8 

d 

1 



1 

I 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

8 

% 

G 

A 

fl 

B 

fl 

r— 

< 

o 

z 

1j 

UJ 

II 1 )N II 
H)V‘> 

0 

01 

o 

rJ 

0 

01 

o 

nJ 

0 

01 



0 

0 1 

0 

01 

o 

rl 

0 

01 

o 

d 

o 

ri 

0 

01 

0 

01 

0 

01 



3 

3 

0 

01 

0 

01 

3 

3 

0 

01 


O 

o 

1 

O 

1 

cn 

1 

o> 

1 

o 

1 

o 

1 

B 

CO 

00 

o 

B 

1 

o 

o 

w 

A A 

ED 

r*^ 

in 

n 

g 



{n 

g 

g 

cn 

9i 

<n 

d 

in 

CN 

3 \ 

00 

g 

a 

r*»’ 

m 

CN 

d 

in 

CN 

f* 

in 

3 

r* 

iSf 

OJ 

g 

00 

af 

«T 

a 

g 

g 

in 

0^ 

in 

g 

Jj 

vl _ 


CO 

g 

r* 

in 

g 

in 

s' 

co 

g 

co 

g 

o> 

g 

CO 

g 

cn 

g 

D 

pv 

o 

g 

CO 

cn 

s' 

m 

g 

o> 

o’ 

CO 

s 

i 

1 

H 

< 

Q 

►— 

LO 

UJ 

f- 

INI WNI/Nll 
liVH 
UNICIVI ) 1 



§ 

d 

1 

I 

§ 

d 

§ 

d 

8 

d 

§ 

d 

§ 

d 

§ 

d 

§ 

d 

§ 

d 

§ 

d 

§ 

d 

§ 

d 

§ 

d 

§ 

d 

2 

i 

5 

ILIIIIUHI 
IWI 1 M VOS 

< 

£ 

< 


i 

< 

2 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

Z 

< 

z 

i 


$ 

< 

z 

5 

5 

z 

SPECIMEN 

DIMENSIONS 

UNCh 


O 

in 

d 

o 

m 

d 

o 

<o 

d 

o 

in 

d 

o 

m 

d 

s 

d 

o 

in 

d 

o 

in 

d 

o 

in 

d 

o 

in 

d 

o 

in 

d 

o 

in 

d 

o 

in 

d 

O 

«n 

d 

o 

m 

d 

s 

d 

1 

o 

s 

3 

3 

3 

a. -l 

'•••> p 

8 

8 

d 

8 

8 

d 

8 

8 

d 



m 

8 

d 



8 

8 

d 



m 

8 

d 

OC90T) 

8 

8 

d 

8 

8 

d 

1 

d 

m 

8 

d 

1 

d 

8 

8 

d 

cn 

§ 

d 

5 

CN 

d 

8 

IN 

d 

8 

5 

8 

d 

u» 

IN 

d 

Cl 

O 

u 

SHEET 

SHEET 

SHEET 

SHEET 

SHEET 

1 

SHEET 

SHEET 

SHEET 

SHEET 

SHEET 

SHEET 

SHEET 

SHEET 

SHEET 

SHEET 

SHEET 

t 

UJ 

X 

cn 

s 

UJ 

X 

cn 

SHEET 

SHEET 

SHEET 

(ll.)NII 

ss irjy.mi i 

IVNI 1 >1 III I 

8 

d 

8 

d 

8 

d 

8 

d 

8 

d 

1 


8 

d 

8 

d 

8 

d 

8 

d 

8 

d 

8 

d 

8 

d 

8 

d 

8 

d 

a lx 

8 

d 

8 

d 

8 

«*• 

d 

8 

d 

U 1 

fj HMD IJS 

1 

CN 

1 



CN 

J 

i 


B 

CN 

z 

o 

CN 

o 

0. 

CN 

a. 

TAL-t 

TAL-2 

TAL-S 

3 

< 

1 


B 


147 


CU%OFFS£T 





































































































































































































































































Table 9: Room Temperature (70PF-75°F) Tensile Properties of 2219- T87 Aluminum Alloy 

Base Metal, Longitudinal Grain Direction (Continued) 
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Table 10: Room Temperature ( 70PF-75PF } Tensile Properties of 221 9-T87 Aluminum 
Alloy Base Metal, Long Transverse Grain Direction 
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Table 10: Room Temperature (7CPF-75°F) Tensile Properties of 2219- T87 Aluminum 
Alloy Base Metal, Long Transverse Gram Direction (Continued) 
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Table 10: Room Temperature ( 7CPF-7TPF ) Tensile Properties of 2219-T87 

Aluminum Alloy Base Metal, Long Transverse Grain Direction ( Continued ) 
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Table 10: Room Temperature (70°F-7S°F) Tensile Properties of 221 9-T87 Aluminum 
Alloy Base Metal, Long Transverse Grain Direction (Continued) 
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Table 1 1: Room Temperature (70°F-75°F) Tensile Properties of2219-T87 Aluminum 
Alloy Base Metal, Short Transverse Grain Direction 
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Table 13: Liquid Nitrogen (-32LPF) Tensile Properties of 2219-T87 Aluminum 
Alloy Base Metal, Longitudinal Grain Direction 
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Table 13: Liquid Nitrogen (-32CPF) Tensile Properties of 2219- T87 Aluminum 
Alloy Base Metal, Longitudinal Grain Direction (Continued) 


3DN3B333B 

m 

in 

m 

**• 

to 

*• 



r* 

r* 

RESULTS 

(g.Ol x ISd) 
3 

1 

fl 

i 

i 

CM 

• 

n 

(O 

o 

« 

d 

r* 

d 

3 

1 


i 

i 

i 

i 

1 

i 

i 

NOliOnaBd 

V3dV% 

* 

CM 

*- 

M 

Oi 

Cft 

i 

i 

1 

t 

i 

ELONGATION 

H19N3T 
3 DVD 

B 

o 

8 

o 

ei 

8 

o 

N 

8 

o 

8 

a? 

CM 


<M 

n 

in 

o 

* 

o 

d 

o 
r 1 

8 

> V) 

^ u rs 

n 

i 

o 

£ 

o 

* 

m 

* 

in 

o 

£ 

f*. 

o 

* 

m 

£ 

3 <S) 

uT 

* 

4 

* 

Ki 

00 

£ 

0) 

8 

<D 

£ 

n 

i 

5 

. oo 

(O 

£ 

in 

tf 

TEST DATA 

(NII/M/NI/NI) 

31VU 

DNiOVOT 

I 

I 

§ 

d 

90010 

a oo6 

! 

I 

I 

§ 

d 

isunoH) 
31/Vli XVOS 

2 

< 

z 

< 

z 

< 

z 

1 

< 

z 

2 

1 

< 

z 

SPECIMEN 

DIMENSIONS 

(INCH! 


1 

B 

s 

d 

I 

i 

i 

1 

1 

i 

t 

OR 

DIA 

§ 

§ 

I 

s 

d 

§ 

d 

I 

I 

i 

i 

FORM 

B 

B 

d 

d 

d 

d 

d 

d 

d 

(HONI) 

SS3NX0IH1 

1VNIDIBO 

B 

q 

<* 

d 

IO 

t4 

** 

•• 

in 

“I 

to 

“l 

«■» 

'0 T 
N3WID3dS 

3 

3 

n 

rt 

j 

< 

l 

< 

< 

z 

2 

< 

z 

1 

2 


156 





























REPRODUCIBILITY OF THE OR I GIN ^P AGE IS POOR. 

f , . / X* 



i:)N )H iJiH 

Q 

B 

n 


[7 



f* 

»» 

F* 

F* 

K 


B 

B 

Ul 

B 

B 

B 

*1 

B 

fl 

fl 

B 



<9 

.01 * ISdl 
3 

3 

3 

§ 

3 

•• 

1 

3 

K 

«» 

d 

* 

H 

3 

•» 



o 

B 

B 

B 

fl 

1 

B 

3 

3 

3 



3 

9 

F* 

3 

I 


1 

1 

1 

g 

| 


B 

i 

fl 

B 

a 

B 

1 

El 

S 

Q 

B 

1 


NOliOMG 3H 
v 3d v % 

i 

1 

R 

1 

3 

1 


E 

1 


D 

B 

D 

B 

B 

I 

fl 

3 

•• 

3 

3 

3 

1 

X 

IN 

RESULTS 

z 

o 

K 

< 

H1DN3 1 
39VO 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

R 

ft.| 


o 

z 

o 
_ 1 
Ui 



s 

s 

0i 

n 

M 

r* 

t 

3 

*» 

3 

a 

9 

w 

o 

rl 

£j 

•» 

« 

B 

fj 

r 

fl 

3 

3 

a 

m 

9- 

“v. Q 
Q U 

I ^ 


A /f 

* 

n 

f»* 

o 

s 

3 

i 

& 

o 

< 

3 

3 

* 

& 

2 

a 

FT 

B 

0 

1 

.. j 

a 

4 

2 


n 

£ 

L 

2 

3 

^ l 

l l 


i U) 
uT * 

* 

i 

2 

*1 

c 

o 

£ 

2 

5 

4 

2 

a 

0 

1 

2 

3 

F* 

tf 



2 

a 

2 

3 

fl 

3 

3 

£ | 

|! 

§1 

< 

h* 

< 

' Nl W- NI/NI) 
31Vd 
UNIOVOl 

§ 

d 

. 

§ 

d 

§ 

d 

$ 

8 

d 

8 

d 

! 

! 

8 

d 

8 

d 

8 

d 

* 

i 

I 


0 

8 

d 

I 

I 

I 

fl 

h- 

t/5 

UJ 

7 

(SdnoH) 
3WI1 XVOS 

$ 

r ~ H 

i 

$ 

* 

to 

d 

5 

$ 

5 

2 

5 

$ 

5 

2 

2 

— 

2 

2 

J 

$ 

< 

z 

< 

z 

< 

z 

ii 

to 

Z 
Z O 

£ w 

S 

1 

1 

3 

3 

i 

3 

3 

3 

3 

3 

3 

3 

B 

B 

3 

3 

3 

3 

3 

3 

3 

a: 

i 

5PECIA 

DIMEN 

(INCH 

_ O. < 

Oq 

! 



y 

X 

r» 

d 

1 

5 

• 

d 

3 

3 

3 

3 

3 

1 

1 

s 

5 

3 

3 

3 

5 

5 

d 

* 

d 

FORM 

SMC FT 

t 

i 

& 

i 

H 

IF' 

UJ 

s 

d 

d 

d 

d 

d 

d 

d 

d 

4 

d 

d 

* 

d 

d 

d 

d 

d 


IH3NI) 

SS3N>DIHi 

1VMI9IH0 

1 

fl 

K 

d 

fi 

d 

a 

a 

3 

3 

3 

3 

3 

5 

§ 

o 

a 

3 

3 

3 

3 

• 

3 

3 

3 


0 T 

Niwmws 

$ 

i 

± 

H 

< 

M 

± 

h 

3 

$ 

$ 

2 

2 

2 

$ 

£ 

< 

M 

6 

5 

f* 

rf. 

T 

5 

J 

S 

• 

•» 

t 

5 

5 

F* 

*» 

N 

>» 

i 


157 


&XU* OFFSET 












































































































































































Tab/e 14: Liquid Nitrogen (-320PF) Tensile Properties of2219-T87 Aluminum Alloy 
Base Metal, Long Transverse Grain Direction ( Continued ) 
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Table 15: Liquid Hydrogen (-423° F) Tensile Properties of 2219-T87 Aluminum 
Alloy Base Metal, Longitudinal Grain Direction (Continued) 
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Table 16: Liquid Hydrogen (-423PF) Tensile Properties of 2219- T87 Aluminum 
Alloy Base Metal, Long Transverse Grain Direction (Continued) 
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Table 16: Liquid Hydrogen (-423PF) Tensile Properties of2219-T87 Aluminum 
Alloy Base Metal, Long Transverse Grain Direction ( Continued ) 
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Table 17: Room Temperature (70°F-75°F) Tensile Properties of GTA Welded 2219-T87 Aluminum Alloy 

Square Butt Weld Edge Preparation. 2319 Filler Wire Used. No Post Weld Heat Treatment. (Continued) 
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Table 17: Room Temperature (70°F-75°) Tensile Properties of GTA Welded 2219-T87 Aluminum 
Alloy. Square Butt Weld Edge Preparation. 2319 Wire Used. No Post We!d 
Heat Treatment. (Continued) 
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Table 18: Liquid Nitrogen Temperature (-320° F) Tensile Properties of GTA Welded 221 9-T87 
Aluminum Alloy. Square Butt Weld Edge Preparation. 2319 Filler Wire Used. 

No Post Weld Heat Treatment 
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Tau/e 18: Liquid Nitrogen Temperature (-320° F) Tensile Properties of OTA Welded 221 9-T8 7 
Aluminum Alloy. Square Butt Weld Edge Preparation. 2319 Filler Wire Used. 

No Post Weld Heat Treatment. (Continued) 
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Table 19: Liquid Hydrogen Temperature (-423° F) Tensile Properties of GTA Welded 221 9-T8 7 
Aluminum Alloy. Square Butt Weld Edge Preparation. 2319 Filler Wire Used. 

No Post Weld Heat Treatment. 
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Table 19: Liquid Hydrogen Temperature (-123° F) Tensile Properties of GT A Welded 2219-T87 
Aluminum Alloy. Square Butt Weld Edge Preparation. 2319 Filler Wire Used. 

No Post Weld Heat Treatment. (Continued) 
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Table 22: Room Temperature (7(PF-75°F) Tensile Properties of GMA Welded 2219-T87 Aluminum Alloy. 

Double 7(r "V" Weld Edge Preparation. 2319 Filler Wire Used. No Post Weld Heat Treatment. (Continued) 
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Table 25: Room Temperature (7(P-75°F) Surface Flawed Fracture Tests of 221 9-T87 Aluminum Alloy. RT 
Propagation Direction 
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Table 26: Room Temperature (7(P-75° F) Surface Flawed Fracture Tests of 2219- T87 Aluminum Alloy. 
WT Propagation Direction 
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Table 26: Room Temperature ( 70°F-7S°F ) Surface Flawed Fracture Tests of 2219-T87 Aluminum Alloy. 
WT Propagation Direction (Continued) 
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Table 28: Liquid Nitrogen Temperature (~32(PF) Surface Flawed Fracture Tests of 2219-T87 Aluminum Alloy. 
WT Propagation Direction 
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Table 28: Liquid Nitrogen Temperature (-32CPF) Surface Flawed Fracture Tests of 2219-T87 Aluminum Alloy. 
WT Propagation Direction (Continued) 
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Table 28: Liquid Nitrogen Temperature (~32(PF) Surface Flawed Fracture Tests of 22! 9-T87 Aluminum Alloy. 
WT Propagation Direction (Continued) 
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Table 29: Liquid Hydrogen Temperature (-423° F) Surface Flawed Fracture Tests of 2219-T87 Aluminum Alloy. 
RT Propagation Direction 
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Table 30: Liquid Hydrogen Temperature (-423? F) Surface Flawed Fracture Tests cf2219-T87 Aluminum Alloy. 
WT Propagation Direction 
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Table 31: Liquid Nitrogen Temperature (~32(PF) Surface Flawed Fracture Tests of 6T A Welded 3219-787 Aluminum 
Alloy. Square Butt Weld Edge Preparation. No Filler Wire. No Post Weld Heat Treatment 
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Table 33: Room Temperature (7(PF-75°F) Surface Flawed Sustained Load Tests of 2219-T87 Aluminum Alloy ( Continued ) 
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NF = GROWTH WITH NO FAILURE (£> MAXIMUM GROWTH DID NOT OCCUR AT a - 0° 



















































































































Table 33: Room Temperature ( 70PF-75°F ) Surface Flawed Sustained Load Tests of 221 9-T87 Aluminum Alloy (Continued) 
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LOAD/UNLOAD TEST [T> MAXIMUM GROWTH DID NOT OCCUR AT a = 0° 

GROWTH WITH NO FAILURE 

















































































































































































































































































































































































Tabie 33: Room Temperature (7(fi F—75° F) Surface Flawed Sustained Load Tests of 2219-T87 Aluminum Alloy (Continued) 
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L/U - LOAD/UNLOAD TEST [T> LOADED TWICE. ONCE FOR 5 HOURS AND ONCE FOR 10 HOURS 

NF - GROWTH WITH NO FAILURE 



































































































































































































































































































































Table 33: Room Temperature (70° F - 75° F) Surface Flawed Sustained Load Tests of2219-T87 Aluminum Alloy (Continued) 


30N3d333d 

+ 

CN 

a 

* 

<N 

a 

a 

a 

COMMENTS 

A 

U. 

z 

A 

LL 

z 

A 

o 

z 

A 

A 

U- 

Z 

A 

A 

U. 

z 

A 

U. 

z 

RESULTS 

■hnBSI 

CN 

s 

to 

f? 

o 

d 

CN 

i 

o 

a 

El 

( Nl a ISN) 

(NIMBI) “x 

o> 

a 

m 

8 

in 

d 

n 

co 

d 

n 

tn 

a 

■HhH 

0) 

a 

s 

o 

CO 

CN 

* 

a 

a 

a 

HwTHTdhkb 

H 

n 

8 

in 

S 

B 

£J 

HI 

■KBS3SEEI 

00 

4 

i 

(0 

8 

0> 

CN 

CN 

00* 

< 

8 

(HONI) 

*02 

T 

00 

o 

$ 

00 

o 

§ 

00 

o’ 

O 

O 

O 

■■ii 



M 

H 

H 

H 

TESTING 

0T3IA QyXVW q 

i 

i 

m 

m 

! 

II 

HH 

o 

in 

a 

L i 

in 

d 

< 

in 

d 

CO 

3 

k&- 

cow 

lucc 

ko_ 

■BUI 


i 

1 

i 

i 

m 

(sunoH) 

3WU XVOS 

< 

z 

< 

2 

< 

Z 

< 

z 

< 

z 

3 

"W 

z 

y 

o 

< 

tr 

o 

UJ 

cc 

0. 

' v - i->5 ffiSsl 

o 

m 

B 

B 

B 

E3 

DC 

B 

B 

< 

z 

B 

< 

z 

B 

0 

(KSI) 

CM 

O 

CN 

O 

CN 

8 

CN 

X 

o 

z 

w 

z 

o 

<A 

z 

UJ 

5 

5 

z 

UJ 

5 

5 

UJ 

0. 

(A 

cT 

(N 

s 

00 

d 

s 

00 

d 

o 

8 

CO 

o 

2 

00 

o’ 

o’ 

d" 

cn 

8 

o 

8 

CM 

o 

1 

o 

o> 

00 

o’ 

in 

Oi 

d 

in 

CJJ 

6 

-1 

o 

o 

o 

o’ 

o 

o 

o 

o’ 

B 


2 

8 

d 

8 

d 

8 

d 

8 

d 

8 

d 

8 

d 


s 

o 

8 

o 

s 

o 

s 

o 

8 

o 

8 

o’ 


B 

0 

B 

B 

B 

B 

w«03 

B 

D 

B 

B 

IB 

B 

(HONI) SS3NX0IH1 
1VNIDIB0 

o 

o 

o 

o 

o 

o 

■cri 

N3WI03dS 

iA 

CO 

n: 

iA 

m 

QC 

tn 

iA 

m 

QC 

tA 

T 

CD 

ac 

X 

CO 

cc 

tn 

iA 

CD 

C 

1N3WN0UIAN3 

<r? 

ii 







Ui 

QC 

D 

_J 

< 

U. 

0 

z 

1 
k 

5 


ID 
O 
CD Z 

ii ii 

u. o 

z z 


z 

s 

o 

DC 


o 


z 

o 

k 

< 

It 

< 

a. 

UJ 

DC 

0. 

tu 


O > 
O -l 
UJ (A 


j y 


»! > 

2 UJ 

> £ 



X 

Q 





33N3d333d 

(0 

(O 

to 

COMMENTS 

CD 

z 

O 

z 

ID 

Z 

RESULTS 


r*» 

3 

50.4 

S3 

mmmm 

fO 

d 

48.1 

49.4 

HHhhotI 

? 

504 

a 

■Bi 

ro 

3 

48.1 

9 

(sunoH) 

Nouvuno 

H 

8 

oo’ 

4/4 

(HONI) 

*02 

B 

1 

fl 

BBH91 

B 

1 


TESTING 

OT3IA 0/ XVW 0 

in 

OQ 

o 

(O 

00 

o 

o 

00 

d 

(ISX) 

XVW 0 

49.1 


p*» 

5 

k CL* 

com 
hi tr 
k 0- 

1N3WNOUIAN3 

dOIdd 

1 

< 

z 

< 

z 

(sunoH) 

3WI1 XVOS 

< 

Z 

< 

z 

< 

z 

(3 

z 

y 

u 

< 

cc 

o 

UJ 

DC 

(0001 *) 
S3T0A0 

q 

q 

4 

CO 

4 

a 

< 

z 

< 

z 

< 

z 

O to 
* 

in 

CN 

•n 

>N 

o 

K 

SPECIMEN DIMENSIONS (INCH) 

8 

o> 

CN 


1.30 

a 

030 

1 

0.31 

-J 

B 


B 

5 

9 

d 

o 

d 

B 

- 

o 

o 

1.00 

00 l 

N0I1D3UI0 

NOLLVDVdOdd 

k 

CC 

k 

OC 

k 

CC 

WHOd 

B 

B 

IB 

(HONI) SS3NX0IH1 
IVNIDIdO 

B 

i 

o 

0 1 

N3WID3dS 

NBL-28 

NBL-21 

NBL-24 

1N3WN0HIAN3 

UJ 
CO u] 

■oj 

Puj 
V- «A 

O 




196 


NG - NO GROWTH 











































































































































































Table 35: Liquid Nitrogen Temperature i-32(PF) Surface Flawed Sustained Load Tests of 2219-T87 Aluminum Alloy 
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Table 37: Liquid Hydrogen Temperature (-423° F) Surface Flawed Sustained Load Tests of 22V3-T87 Aluminum Alloy 
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Table 38: Room Temperature (7CPF-75°F) Surface Flawed Sustained Load Tests of GT A Welded 22I9-T87 Aluminum 
Alloy. Square Butt Weld Edge Preparation. No Filler Wire Used. No Post Weld Heat Treatment. 
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Table 38: Room Temperature (70PF - 75° F Surface Flawed Sustained Load Tests of GTA Welded 22J9-T87 

Aluminum Alloy. Square Butt 'Veld Edge Preparation. No Filler *1 fire Used. No Post Weld Heat Treatment (Continued) 
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Table 40: -41 3* F Temperature Surface Flawed Sustained Load Tests of G TA Welded 2219-T87 Aluminum Alloy 
Square Butt Weld Edge Preparation. No Filler Wire Used. No Post Weld Heat Treatment 
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Table 42: Room Temperature Air Surface Flawed Cyclic Flaw Growth Tests of 2219-T87 Aluminum Alloy. WT Propagation Direction 
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Table 42: Room Temperature Air Surface Flawed Cyclic Flaw Growth Tests of 221 9-T87 Aluminum Alloy. WT Propagation Direction (Continued) 
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Table 42: Room Temperature Air Surface Flawed Cyclic Flaw Growth Tests of 2219-T87 Aluminum Alloy. WT Propagation Direction (Continued) 
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Table 43: Room Temperature Air Surface Flawed Cyclic Flaw Growth Tests of2219-T87 Aluminum Alloy, RT Propagation Direction 


30N3U333a 

0 

1 


u 

9 

0 

0 

□ 

0 

1 

1 

1 

9 

□ 

3 

Q 


9 

9 

91 

M 

S1N3WIAI00 

CN 

5 


5 

5 

B 

CN 

CO 

CN 

B 

CN 

s 

CN 

CN 

B 

5 




CN 

5 

B 

B 

II 

RESULTS 

ruj/Moi) 

1 

to 

to 

in 

in 

1 

i 

1 

1 

1 

p- 

CO 

o 

i 

i 

i 


i 

q 

r*-’ 

to 

CN 

CN 

i 

1 

II 

V 

■ 

hEsSEo 

i 

1 

i 

i 

i 

1 

1 

I 

3 

a 

i_ 

i 

1 

i 

164 

i 


i 

i 

1 

H 

II 

(•U|y\! s » !l >» 

1 

o 

d 

* 

CO 

16.6 

e 

[1 

E 

1 

p^ 

CO 

E 

1 

to 

Nt 

p. 

n' 

i 

r* 

1 

1 

45.4 

p** 

1 

1 

(^A! S X) 
(NIAAUI) !l >; 

1 

00 

I 

to 

JT 

i 

I 

00 

r* 

r— 

1 

N; 

00 

cq 

CN 

E 

CD 

CN 

CO 

to 

1 

1 

CN 

P-' 

43.2 

in 

13.37 

11 

(sap/o) 

Nonvdna 

lb, 000 

3,000 

1500 

8 

to 

142.000 

2,103 

18,065 

5,272 

3,000 

ooo’s 

3,000 

40,000 

15,00 

1.000 

1,500 

3,000 

o 

to 

p* 

o 

8 

O 

p- 

co 

CO 

2 

jl 

(MOU|) *32 

0,271 

0.275 

ooeo 

0.267 

P* 

00 

CN 

o 

0.421 

in 

CD 

CO 

d 

in 

8 

d 

CO 

fP 

CD 

o 

l 

o 

0.675 

0.637 

CN 

co 

CD 

d 

0.635 

I 

o 

169*0 

CN 

to 

CD 

d 

1 

H 

HI 

II 

(MDl/|) *B 

0.083 

CD 

p* 

o 

d 

0.089 

00 

o 

o 

s 

o 

*-> 

ra 


** 

ii 

r 

<D 

s 

0.158 

fP 

fp 

o 

JP 

in 

r- 

d 

CO 

in 

d 

N 

in 

d 

s 

5 

o* 

to 

o 

to 

l_5 



II 

II 

TESTING 

OlSIA^yXVIAl^ 

cn 

CN 

d 

CO 

CO 

d 

8 

d 

in 

CD 

o 

CN 

CN 

o 

in 

CD 

o 

8 

o 

in 

o 

¥ 

o 

0.25 

fp 

co 

o 

CN 

o 

« 

o 

'co 

N 

o 

8 

o 

co 

o 

IlS'O 

0.82 

in 

p- 

o 

fp 

in 

o 

nj 

8L 

(! S X) 

in 

oq 

r“ 

oo 

p* 

d 

CO 

CD 

r^‘ 

CN 

00 

in 

CO 

fp 

oq 

*— 

CN 

CO 

in 

CO 

19.77 

fp 

to 

fp’ 

CN 

CD 

d 

13.87 

3 

8 

1 

| 

§ 

in 

CN 

q 

o 

CN 

20.46 

28.03 

45.7 

| 

11 

II 

* 31ldOdd 

DNiavoi ohoao 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

E 

El 

1 

H 

5 

_d 

o 

_£L 


o 

_d 

i 

o 

_JQ. 

o 

_d 

5 

_a 

8 

_qJ 

| 

1 

| 

o 

_d 

r“ 

o 

_d 

o 

_QJ 

O 

co 

co 

o 

_d 

O 

o 

d 

o 

Q 

_s£ 

Q 


(lAldO) A0N3n03dd 

8 

8 

8 

8 

8 

E 

8 

8 

8 

8 

8 

o 

CN 

8 

8 

8 

8 

8 

r- 

8 

o 

CN 


LUCE 

1-0. 

1N3IAINCMIAN3 

dOIdd 

1 

1 

1 

e 

I 

S 


1 

S 

i 

1 

1 

1 

E 

1 

1 

1 

1 

1 


il 

(sjnoH) 
3IAII1 XVOS 

< 

z 

< 

z 

z 

< 

z 

< 

z 

< 

z 

< 

z 

| 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


11 

PRECRACKING 

(0001 x ) S313A0 

1 

< 

z 

ii 

I 

< 

z 

1 

!i 

< 

z 

< 

z 

< 

z 

1 

1 

1 

< 

z 

1 

< 

z 

< 

z 

1 

1 


11 

d 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

< 

z 

CD 

O 

d 

< 

z 

< 

z 

*1 

(!SX) O 

o 

CN 

o 

CN 

a 

8 

o 

CN 

8 

O 

CN 

o 

CN 

8 

8 

8 

o 

CN 

8 

o 

CN 

8 

o 

CN 

O 

CN 

in 

CN 

1 

CD 

vl V 

i 

SPECIMEN DIMENSIONS 
(Inch) 

'oz 

r* 

in 

CN 

o 

CD 

CN 

O 

CN 

p* 

O 

? 

CN 

o 

CO 

in 

CN 

d 

CD 

CD 

CN 

o 

1 

CN 

d 

"to 

in 

<N 

o 

p* 

CD 

d 

809*0 

8 

o 

CN 

CN 

CD 

o 

1 

in 

o 

0.593 

o 

o> 

to 

o 

5 

O 

p* 

CN 

1 

1 

i 

•B 

r>* 

CD 

O 

o 

CN 

CO 

o 

d 

8 

O 

o 

CO 

o 

o 

“8 

o 

fp 

o 

d 

8 

o 

o 

fp 

8 

o 

0.127 

10.128 

CO 

£ 

o 

CD 

CN 

o 

in 

CN 

o 

0.124 

CD 

CN 

o 

to 

CN 

o 

to 

CN 

T*- 

o 

0.30 

to 

O 

o 

| 


1 

1 

1 

1 

1 

1 

I 

1 

1 

1 

1 

| 

1 


1 

1 

1 

1 

6 

G 

E 

ii 

AA 

o> 

5 

CN 

CO 

5 

CN 

CD 

o 

CN 

5 

CN 

O 

CN 

in 

5 

CN 

CN 

| 

s 

o 

CO 

3.045 

in 

o 

to 

| 

a 

o 

CO 

CD 

CN 

O 

CO 

8 

O 

CO 

to 

o 

d 

CD 

CN 

o 

CO 

o 

CD 

I 



l 

IS - 

in 

CN 

si 

~rsr 

in 

CN 

j£J 

in 

CN 

_Sj 

to 

CN 

“FT 

in 

CN 

d 

"S 

CN 

o 

TJ51 

in 

CN 

_o 

m 

R 

o 

8 

CN 

o 

fP 

CO 

CN 

o 

5 

CN 

o 

CN 

5 

_°J 

s 

CN 

o 

8 

CN 

o 

r* 

co 

CN 

d 

co 

CN 

o 

%\ 

CN 

o 

8 

IP 

8 

d 

CN 

8 

d 

1 

lAIUOd 

UJ 

LU 

X 

CO 

UJ 

UJ 

X 

SHEET 

UJ 

UJ 

X 

to 

f" 

UJ 

UJ 

X 

to 

SHEET 

SHEET 

h 

UJ 

UJ 

X 

to 

UJ 

t- 

< 

-1 

uT 

5 

Q- 

UJ 

H 

< 

-J 

0. 

PLATE 

u! 1 

H 

< 

-1 

Q. 

UJ 

K 

5 

a. 

UJ 

H 

5 

a. 

PLATE 

UJ 

H 

5 

a. 

“ 

H 

< 

_J 

a. 

V 

UJ 

UJ 

X 

CD 

h 

UJ 

UJ 

X 

CO 

11 

(ipui) SS3NXDIH1 
1VNIOIUO 

TET 

in 

CN 

A 

sL 

0.1257 

r— 

in 

CN 

J& 

TT 

in 

CN 

s 

CN 

a 

in 

CN 

A 

ur 

CN 

8 

CN 

fp 

CO 

CN 

5 

CN 

A 

0.242 

1? 

CN 

o 

1 

CN 

o 

co 

CN 

o 

co 

CN 

o 

"S 

CN 

d 

o 

r* 

TIT 

CN 

i 

it 

|| 

NOIlVOIdllNSai 

N3IAJID3dS 

-J 

-J 

CN 

-J 

CO 

-j 

* 

in 

-J 

-j 

00 

_j 

to 

_j 

o 

J 

CO 

J 

in 

¥•> 

-J 

CN 

-J 

CN 

CN 

-j 

fN 

_i 

8 

-j 

CD 

CN 

1 

-j 

8 

| SBL-3 

CC 

8 

o 

as 

B! 

i 


209 


SEE FIGURE 13 
10% Na OH ETCH 
PRECRACKED IN BENDING 
CYCLED TO BREAKTHROUGH 
DELAMINATION, CYCLED TO FAILURE 




























































































































































































Table 43: Room Temperature Surface Flawed Cyclic Flaw Growth Tests of 2279-T87 Aluminum Alloy, RT Propagation Direction (Continued) 
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Table 44: Room Temperature Surface Flawed Cyclic Flaw Growth Tests of2219-T87 Aluminum Alloy in Salt Water, WT Propagation Direction 
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Table 45: -32CP F Surface Flawed Cyclic Flaw Growth Tests of 2219-T87 Aluminum Alloy, WT Propagation Direction (Thickness < 0.25 inch) 
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Table 46: -32(P F Surface Flawed Cyclic Flaw Growth Tests of2219-T87 Aluminum Alloy, WT Propagation Direction (Thickness>0.25 inch) 
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SEE FIGURE 13 

FINAL FLAW SIZE ESTIMATED 

CYCLED TO FAILURE 
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SEE FIGURE 13 
PREVISOULY TESTED 
CYCLED TO FAILURE 












































































































































































Table 46: -32(P F Surface Flawed Cyclic Flaw Growth Tests of 2219-T87 Aluminum Alloy, WT Propagation Direction (ThicknessX).25 inch) f Continued ) 
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SEE FIGURE 13 
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Table 47: -32(fi F Surface Flawed Cyclic Flaw Growth Tests of2219-T87 Aluminum Alloy, RT Propagation Direction 
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(2) PRECRACKED IN BENDING 

(3) CYCLED TO FAILURE 
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Table 47: ~32(P F Surface Flawed Cyclic Flaw Growth Tests of2219-T87 Aluminum Alloy, RT Propagation Direction (Continued) 
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Table 48: -423? F Surface Flawed Cyclic Flaw Growth Tests of 2219-T87 Aluminum Alloy, WT Propagation Direction 
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Table 49: -42&F Surface Flawed Cyclic Flaw Growth Tests of2219-T87 Aluminum Alloy, RT Propagation Direction 
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Table 50: Elevated Temperature Surface Flawed Cyclic Flaw Growth Tests of 2219-T87 Aluminum Alloy, WT and RT Propagation Direction 
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Table 51: Room Temperature Surface Flawed Cyclic Flaw Growth Tests of GTA Welded 22 19-T8 7 Aluminum Alloy 
Square Butt Weld Edge Preparation. No Filler Wire Used. No Post Weld Heat Treatment. 
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Table 52: -32(P F Surface Flawed Cyclic Flaw Growth TestsofGTA Welded 2219-T87 Aluminum Alloy 
Square Butt Weld Edge Preparation. No Filler Wire Used. No Post Weld Heat Treatment. 
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Table 53: -423P F Surface Flawed Cyclic Flaw Growth Tests of GTA Welded 221 9-T87 Aluminum Alloy 
Square Butt Weld Edge Preparation. No Filler Wire Used. No Post Weld Heat Treatment. 
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Table A-3 : Room Temperature Sing/e Edge Notch Tension Fracture Toughness Tests 
of2219-T87 Aluminum Alloy, [£> 
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Table A-4. Room Temperature (7(P - 75° F) Through- The- Thickness Cantor Notched Fracture Tests of 22I9-T87 
Aluminum Alloy 
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Table A-5. Liquid Nitrogen Temperature (-320° F) Through- The- Thickness Center Notched Fracture Tests of 221 9-T87 
Alumt i m Alloy 
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Table A-9. Liquid Hydrogen f-423°F) Through-The-Thickness Center Notched Pans! Cycle to Failure Tests of 0.060 
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Table A JO: Tapered Double Cantilever Beam Specimen Cyclic Tests of 1.0 Inch 2219-T87 Aluminum Alloy in Room 
Temperature 3'A% Salt IVater Solution . WR Propagation Direction 
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